Long-delay components showing a symmetrical pattern with positive and negative delays can be observed in the time-frequency representation (or in the inverse Fourier transform) of distortion product otoacoustic emissions. Positive-only phase-gradient delays are predicted by place-fixed backscattering mechanisms, such as coherent reflection due to roughness, whereas the nonlinear distortion wave-fixed mechanism should generate an almost null-delay component. The symmetrical delay pattern arises whenever spectral amplitude fluctuations are not fully correlated to phase fluctuations. An interpretation of this phenomenon is proposed, involving place-fixed modulation of the spectral strength of the wave efixed nonlinear generator.
Introduction
According to a widely accepted interpretation scheme (Shera and Guinan, 1999) , the spectral structure of the 2f 1 ef 2 distortion-product otoacoustic emission (DPOAEs) reflects the interference between two components: 1) a "distortion" component with almost constant phase, generated by nonlinear distortion in the cochlear region where the primary waves overlap and 2) a "reflection" component with rapidly-rotating phase, arising by scattering from micromechanical irregularity ("roughness") in the tonotopic region of the distortion product. The DPOAE spectrum indeed shows a characteristic pattern of quasi-periodic amplitude and phase oscillations, named fine-structure. These oscillation patterns appear consistent with the frequency dependence of a complex quantity given by the vector sum of a constant-phase component and of a rotating-phase component. Experiments and theoretical models show that the relative magnitude of the rotating-phase component is maximal at small ratios f 2 /f 1 and low stimulus levels. These observations are also in agreement with the above mentioned scheme, because 1) the reflection generation strength increases more slowly with stimulus level than the distortion generation in a compressive cochlea, and 2) because it is much less sensitive than the distortion mechanism to the coherence loss associated with the spatial width of the distortion generation region (Shera and Guinan, 2007; Botti et al., 2016) .
For simplicity, this interpretive scheme idealizes the distortion and reflection mechanisms as, respectively, purely wavefixed (and therefore constant-phase) and purely place-fixed (rotating-phase). In the real cochlea, however, this distinction may become murky as the mechanisms interpenetrate. For example, micromechanical irregularity undoubtedly takes many forms, and spatial fluctuations in the gain or operating point of the cochlear amplifier presumably act not only to scatter traveling waves but also to modulate the effective strength of local distortion sources. Thus, the distortion generator would acquire a place-fixed component.
Time-frequency analysis (e.g., Moleti et al., 2012b) provides an effective way to visualize and to separate DPOAE components based on their phase-gradient delays.
1 In this analysis, constant-phase components concentrate at short delays close to the time axis and rotating-phase components appear at longer delays, usually within a curved quasi-hyperbolic region whose centroid decreases with frequency. Although this is the common pattern, some experimental cases show an emission spectrum that is not fully consistent with a sum of components from simple short-and longdelay sources. The discrepancy appears clearly in the timefrequency representation of the complex emission spectrum. Fig. 1 shows example time-frequency plots from two subjects in which components with apparently negative delay occur with a distribution almost symmetrical to that of the positive delay components. In such cases, part of the long-delay response consists of energy at positive delay with no counterpart at negative delays, while another part consists of "mirrored" energy symmetrically distributed between positive and negative delays. The solid lines separate regions of the t-f plane hypothetically associated with the distortion component (between white and blue line) single reflection from the f dp tonotopic region (between blue and green) and double intra-cochlear reflection (between green and red), in a standard interpretative scheme assuming that distortion components have null phase-gradient delay.
The time-frequency plots in Fig. 1 are from subjects with a particularly rich distribution of long-latency negative-delay sources. Interestingly, the figure shows that the symmetrical components are enhanced by contralateral acoustic stimulation (CAS), suggesting that the source of this component is sensitive to dynamic changes of the cochlear gain driven by the medioolivocochlear mechanism.
Symmetrical time-frequency delay patterns can be obtained from a "normal" DPOAE spectrum (in which the time-frequency representation shows only zero-and positive-delay components) by artificially setting the phase of the complex DPOAE spectrum to a constant value (e.g., zero) before computing the wavelet transform. By modifying the DPOAE phase, altering the relation between amplitude and phase fluctuations, one generates a complex spectrum that is not consistent with the sum of a zero-delay and a positive-delay component, and thereby induces symmetrical delay patterns in the time-frequency plot. In other words, spectral amplitude oscillations that are not exactly matched by the phase oscillations predicted by interference between a constant phase Fig. 1 . DPOAEs time-frequency distribution of two subjects (left, age ¼ 50, and right, age ¼ 63) without (top) and with CAS (bottom). DPOAE spectra were re-analyzed, coming from a data set already analyzed in previous studies , recorded with high frequency-resolution (20 Hz) using slow chirp stimuli with instantaneous frequency functions f 1 (t) and f 2 (t), in a constant ratio f 2 /f 1 ¼1.22. The parameters of the two chirp stimuli were set in order to get df dp /dt ¼ 800 Hz/s. The primary stimulus levels were set at (L 1 , L 2 ) ¼ (65, 55) dB. Time-frequency analysis was performed using the wavelet transform, as described in Moleti et al. (2012b) . Following the standard hypothesis, which we will relax in this paper, that all distortion components have null phase-gradient delay, the solid lines separate regions of the t-f plane associated with the distortion component (between white and blue line) single reflection from the f dp tonotopic region (between blue and green) and double intra-cochlear reflection (between green and red). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 1 DPOAE "spectra" are actually a collection of complex nonlinear responses at different frequencies; they do not represent the Fourier transform of a measurable, time-domain waveform. Nevertheless, time-frequency analysis of DPOAE spectra performed as though the responses arose from a linear system remains useful and, to a significant extent, physically meaningful. For example, it may be shown (e.g., Moleti et al., 2012a ) that when the rotating-phase component is assumed to be generated by place-fixed reflection in the DP tonotopic region, it must show a positive differential delay (with respect to the distortion component), almost equal to the physical round-trip transmission delay. These results are confirmed by experimental comparisons between stimulus-frequency-OAE (SFOAE) and reflection-DPOAE delays (e.g., Kalluri and Shera, 2001; Moleti and Sisto, 2016 ).
source and a physically delayed source yield partially symmetric delay patterns. This interpretation also suggests some caution: indeed, noise could also produce such an effect in experimental data, because its amplitude and phase fluctuations would not be correlated. The analysis of this noise effect in experimental data was not pursued further in this study, but the effect size should be carefully evaluated in experimental studies focused on the measurement of DPOAE delayed components, because their straightforward attribution to the reflection mechanism could be misleading.
A toy model of the DPOAE spectrum may clarify this point. Consider a real DPOAE spectrum of the form:
(1) where D 0 , d, and t are real, positive constants (jdj<<jD 0 j). Although Dðf Þ is a real function, i.e. a complex function with phase equal to zero (and zero phase-gradient delay), rewriting Eq. (1) in the equivalent form:
shows that the periodic amplitude oscillations in the spectrum yield three components in the time-frequency distribution: a component of amplitude D 0 at zero delay and two components of amplitude d/2 at symmetrical delays of ±t.
In this modeling study we explore how the appearance of symmetrically delayed DPOAE components relates to the spectral modulation of the DPOAE distortion component induced by micromechanical irregularity. To identify sources of symmetrically and asymmetrically delayed components, we performed numerical simulations of the DPOAE response after introducing various forms of roughness. By modeling the generation of distortion and reflection components in a linear model using perturbation theory (Talmadge et al., 1998) , we achieved fine control over the nature and location of the irregularity.
Model
DPOAE generation can be computed using perturbative techniques, adding both the nonlinear DPOAE sources and micromechanical irregularity as perturbations to an underlying cochlear model that is both linear and smooth. The cochlear model developed by Zweig (1991) provides a suitable framework for this study. The Zweig model is a linear, active one-dimensional tapered box model (scaling symmetric), easily solved in the frequency domain using the Wentzel-Kramers-Brillouin (WKB) approximation. The solution is represented by pressure and displacement functions, p(u,x) and x(u,x), respectively, which are conveniently expressed as linear combinations of right-moving and left-moving elementary wave functions, respectively j(u,x) and c(u,x), named basis functions (e.g., Shera and Zweig, 1991) . The notation used here is that of Talmadge et al. (1998) . In a linear model, the solutions are proportional to the boundary conditions set at the cochlear base by the stimulus level, whereas the transmission, absorption, reflection phenomena are conveniently computed using the basis functions. Although recent experimental results (Lee et al., 2015; Ren et al., 2016) have highlighted the role and the peculiar dynamics of the tectorial membrane and reticular lamina, 1-d transmission line models with an effective point impedance for the organ of Corti are a very useful approximation. To date, there is no OAE phenomenon that can't be at least qualitatively accounted for within this framework. As this study focuses on OAEs, its approach is to explore what can (or cannot) be understood in simple models before adding additional complexity (if and when required).
DPOAEs are generated using a perturbative approach in which the DPOAE is evaluated at the cochlear base as the superposition of the backward waves generated by distortion sources distributed along the basilar membrane (BM). The local perturbative DPOAE source of the 2f 1 ef 2 DPOAE, which is maximum in the f 2 tonotopic region, is of the type: Sðu 1 ; u 2 ; xÞ ¼ grðu 1 ; u 2 Þx 2 ðu 1 ; xÞx * ðu 2 ; xÞ;
where g is the inverse of the Wronskian determinant of the rightand left-moving pressure basis functions, and the term rðu 1 ;u 2 Þ is also dependent on frequency (see Talmadge et al., 1998) . A randomly distributed roughness of amplitude ε may be added to the stiffness function:
whererðxÞ is a Gaussian noise with null mean and unit variance and u 0 ðxÞ is the unperturbed tonotopic frequency. As roughness shows a dynamical nature in some experimental data (e.g., increase of reflections with CAS) one could assume, as an alternative form of roughness, a fluctuation of the active term of the BM impedance (e.g., of the fast delayed-stiffness term, whose delay, in the Talmadge model (Talmadge et al., 1998) , is fine-tuned to act as an antidamping term) whose amplitude, in principle, could also dynamically depend on local displacement level. In this study, only the perturbation of the cochlear map was used, for simplicity. In the standard perturbative approach, assuming only unperturbed left-moving waves at the primary frequencies, the following expression is obtained for the right-and left-moving components of the DP wave, generated by the wave-fixed nonlinear distortion mechanism, which are named here distortion (D) components: DPD r u dp ; x fj r u dp ; x
The left-moving component integral, evaluated at the cochlear base: DPD l u dp ; 0 fj l u dp ; 0
represents an estimate of the total D component of the DPOAE spectrum. The nonlinear right-moving D wave acts as an intracochlear stimulus for the generation of a left-moving wave coming from the DP tonotopic region through a linear coherent reflection mechanism (Zweig and Shera, 1995; Talmadge et al., 1998) , which we call DPR l . Here, the R stands for reflection. This DP component generated by coherent reflection, evaluated at x ¼ 0, provides an estimate of the R-component spectrum:
DPR l u dp ; 0 fj l u dp ; 0
u dp ; x 0 εrðx 0 Þ Â DPR r u dp ; x 0 j r u dp ; x 0 o :
In this "standard" perturbative computation scheme (e.g., Talmadge et al., 1998) , the roughness pattern affects only the reflection component generation. Considering that Eq. (7) is of order ε with respect to Eq. (6), the effect of roughness on Eq. (6) should be evaluated to order ε, too. The effects are twofold. First, the forward waves at the primary frequencies in Eq. (3) are locally perturbed by roughness through the variation of the local impedance. Second, the backward and forward waves at the primary frequencies are modified by roughness before reaching the place x (and additional forward waves reach x after backward reflection by roughness and forward reflection at the stapes). These effects, summarized in Eq. (1) of Shera and Cooper (2013) , were computed to order ε, using the traveling-wave Green's function (Shera et al., 2005) . As shown by Shera and Cooper (2013) , internal reflections give rise to oscillatory patterns in the BM transfer functions (or, analogously, in the spatial pattern of the BM response at the primary frequencies).
The BM displacements at the primary frequencies, modified by these two effects, were computed and inserted into Eq. (3), to recompute the estimate of the total D component of the DPOAE spectrum [Eq. (6)], corrected to order ε. Because the perturbative correction decreases as ε raised to the iteration order, only firstorder corrections were computed here. Taking into account all effects of roughness, left-moving components at the primary frequencies contribute to the integral as well as corrected rightmoving components. The net effect of these corrections is to produce spectral modulations of the D component, yielding delayed components in the time-frequency representation of the D component. 
Results and discussion
In Fig. 2 we show the complex spectrum (top-left panel) and the time-frequency representation (top-right) of the simulated total DPOAE response, obtained by running the model with ratio f 2 / f 1 ¼1.22, and roughness amplitude ε ¼ 0.025, as defined in Eq. (4). In this simulation, the effect of roughness was included only in the computation of the R component [Eq. (7)]. The generator component D was computed from Eq. (6) using a smooth model (ε ¼ 0)d that is, without including the effect of roughness in Eq. (3). The resulting pattern is typical of real DPOAEs, with an intense zerodelay component and a rotating-phase component, whose phasegradient delay decreases with frequency as 1/f. Solid lines delimit a hyperbolic region around the zero-delay axis that may be used for selecting the distortion component using time-frequency domain filtering (Moleti et al., 2012b) . No negative delay components are visible. Plotting the components D and R separately rather than their sum (Fig. 2, bottom panels) , one appreciates that two Fig. 2 . Total DPOAE spectrum (top left) and its time-frequency representation (top right). The total DPOAE is found by summing the D and R components computed from Eqs. (6) and (7), respectively. Separated constant-phase and rotating-phase components are visible, which correspond to the D and R components (bottom left and bottom right) computed separately. The primary frequency ratio is f 2 /f 1 ¼1.22.
components are well separated in the time-frequency domain and unequivocally associated with the two different delay components of the total DPOAE. This separation arises from the perturbative computational method, in which the nonlinear generation integral is computed using a smooth model (without roughness).
If the irregularity, with the same roughness amplitude as in Fig. 2 , is added to the nonlinear generation integral [i.e., to the source S given by Eq. (3) that appears in Eq. (6)], the D component becomes qualitatively different. In this case, the D component spectrum (Fig. 3, left panel) shows amplitude oscillations (not due to interference) and its time-frequency representation (Fig. 3, right) shows both short-and long-delay, partly symmetrical, components. In other words, modulation of the nonlinear distortion generator causes amplitude fluctuations of the D component that look similar to those produced by the linear superposition of the D and R components in Fig. 2 , but whose phase oscillation counterpart is qualitatively different. Both effects are proportional to the roughness level ε in this perturbative approach, but, as the amplitude fluctuations of the D generator are not accompanied by the characteristic phase fluctuations associated with interference with a delayed signal, symmetric negative-delay components arise.
We emphasize that in Fig. 3 we are showing the component D only, generated by nonlinear distortion in the overlap region near the f 2 place. If similar effects occur in real ears, a significant fraction of the long-delay DPOAE component could actually be generated by distortion in the overlap region. The diagnostic interpretation of the DPOAE zero-delay and long-delay components is based on the assumption that they exactly correspond to DP backward waves generated, respectively, by the distortion and by the reflection mechanism, and come therefore from different cochlear regions. Therefore, it may be important to identify the distortion origin of the symmetric-delay component, because otherwise the reflection component could be overestimated. Since the R component is generated by the forward D component, it will be further affected by roughness corrections to the forward DP wave, but only by terms of order ε 2 .
Comparison between simulations and experimental data ( Fig. 1 ) shows that the symmetric-delayed component observed in the data could be at least qualitatively explained by spatial modulation of the D component generator strength, due to roughness. Indeed, simulations of the D component only (Fig. 3) clearly show that the partly symmetric delay pattern with the characteristic 1/f dependence visible in the data (Fig. 1 ) appears in the simulations too, as the roughness perturbation of the D generator is taken into account. Of course, such qualitative observations should be supported by quantitative analysis of a sample of subjects of statistically significant size. The current study is not intended to provide a model that matches data quantitatively, but is more of a "proof of concept" that tests the idea that negative delay components can arise from spectral (or spatial) modulations of the distortion component. It may also be useful to remark here that no negativedelay component is observed in the experimental SFOAE response, confirming that the reflection mechanism produces only positivedelay components.
One might also object that by using a linear model we are neglecting more important corrections to Eq. (6) associated with nonlinear effects such as mutual suppression between the primarytone traveling waves in the overlap region. Indeed, these corrections could easily be larger than order ε, but one should consider that the correction of the D component associated with roughness is qualitatively different, because it intrinsically yields the kind of quasi-periodic modulation of the D component amplitude that is necessary to produce negative-delay sources.
In this study, for simplicity, a simple model of roughness was assumed, related to fluctuations of local stiffness only. In other models, roughness could be associated instead with fluctuations of the local gain of the cochlear amplifier. In that case, it would not be unreasonable to assume that the medio-olivo coclear (MOC) efferent system, activated by CAS, could affect the size of the gain fluctuations. As the proposed explanation for the onset of symmetrically delayed OAE components involves roughness, a diagnostic tool of the MOC effectiveness could be based on the measurement of this effect of CAS on the time-frequency distribution of the DPOAE response.
Conclusions
In some subjects, experimental DPOAE time-frequency distributions manifest components appearing at both positive and negative delays. Perturbative models suggest that these components can arise from the place-fixed effects of micromechanical irregularity on the generation of intracochlear distortion near the f 2 place. Thus, significant positive-delayed and symmetricallydelayed components could be associated with the effect of roughness on the traveling waves at the primary frequencies, and not only to place-fixed reflection of the forward wave at the DP frequency.
